Naturally occurring long-term mean annual recharge to ground water in Nebraska was estimated by a novel water-balance approach. This approach uses geographic information systems (GIS) layers of land cover, elevation of land and ground water surfaces, base recharge, and the recharge potential in combination with monthly climatic data. Long-term mean recharge > 140 rnm per year was estimated in eastern Nebraska, having the highest annual precipitation rates within the state, along the Elkhorn, Platte, Missouri, and Big Nemaha River valleys where ground water is very close to the surface. Similarly high recharge values were obtained for the Sand Hills sections of the North and Middle Loup, as well as Cedar River and Beaver Creek valleys due to high infiltration rates of the sandy soil in the area. The westernmost and southwesternmost parts of the state were estimated to typically receive < 30 mm of recharge a year.
Introduction
In regional-scale water balance and ground water modeling studies, recharge to the ground water is an important but often poorly known variable because it is influenced by a host of meteorological, environmental and biological factors with potentially significant spatial variability. The large number of existing recharge estimation techniques highlights its importance in water resource assessment, contaminant transport, and aquifer vulnerability studies. Scanlon et al. (2002) provides an excellent account of the various techniques available to date.
Often recharge is assumed to be equal to the ground water contribution (i.e., base flow) to the stream within a watershed (Rutledge and Daniel 1994; Mau and Winter 1997) over long periods of time when the potential change in ground water storage becomes negligible compared to the cumulative ground water discharge volume. Szilagyi et al. (2003) labeled this recharge "base recharge." Base recharge, defined in this manner, is the total recharge reduced by the amount of any potential losses from ground 'Associate professor, Conservation and Survey Division, water storage other than discharge to streams. One such loss term is evapotranspiration (ET) from ground water, typically by phreatophytes along river valleys (Rantz 1968; Nagel and Dart 1980; Culler et al. 1982) or in wetland areas where the ground water is close to the surface. In semiarid to arid regions where phreatophyte vegetation may be widespread along ephemeral or perennial river valleys, and where precipitation and areal evaporation are diminished, ground water ET may become an important part of the water balance (through its increased relative weight), and consequently in such catchments, base and total recharge may differ significantly.
Base recharge is relatively simple to estimate using the approach of Szilagyi et al. (2003) . An extension of their technique for identifying areas where ground water ET is likely to occur is demonstrated for Nebraska. The WRE-VAP model of Morton et al. (1985) , an extensively tested (Hobbins et al. 2001) areal ET calculation algorithm, provides an estimate for the expected magnitude of this additional ground water ET. Spatially distributed base recharge is augmented to account for this extra source of ground water consumption through water balance considerations and the use of a recharge-potential map (Conservation and Survey Division [CSD] 1996) . A schematic diagram (Figure 1) shows that recharge is balanced by two processes (provided communication of water between the unconfined and confined aquifers is negligible or absent): base flow and ground water ET, the latter mainly through the water use (i.e., transpiration) of phreatophyte vegetation alongside the stream channels.
Methodology
Through the application of a simple water-balance equation and the use of an automated base flow separation algorithm (Nathan and McMahon 1990; Szilagyi et al. 2003) , one can produce regional-scale maps of estimated base recharge, as was demonstrated by Szilagyi et al. (2003) . In humid environments, base recharge may be a good estimator of total recharge to the ground water. More arid regions, such as Nebraska, where the mean runoff ratio (Figure 2 ) is only 10% to 11 % (Szilagyi et al. 2003) , are often characterized by wide alluvial valleys lushly covered with phreatophytes (predominantly willow and cottonwood [Nagel and Dart 19801) . The several kilometers wide Platte River valley is a perfect example (Figure 3) , where ground water ET may play an important role in the water balance of the unconfined aquifer (Nagel and Dart 1980) and thus in regional recharge estimations. Nagel and Dart (1980) demonstrated for the Platte River valley that areas with phreatophyte vegetation transpire as much water as open water surfaces evaporate. Their finding is not at all surprising for the practicing hydrologist (Brutsaert 1982) . Since small open water surfaces evaporate at the potential level, phreatophyte ET can be assumed to be virtually equal to the potential evapotranspiration (PET) in the area (Figure 4) . The latter is supplied by the WREVAP model (Morton et al. 1985) utilizing cli- matic data (Szilagyi et al. 2003) (Miller 1977) , or from the capillary fringe in the root zone that can reach > 2 m for broad-leafed trees and tall herbaceous vegetation (Eagleson 1970) . Figure 5 displays the areas assumed to be covered by phreatophyte vegetation. In these areas ground water ET ( Figure 5 ), which is considered as mainly phreatophyte transpiration from the ground water, was taken as the difference between mean annual PET and ET ( Figure 6) ; the latter was also provided by the WREVAP model. However, this does not mean that phreatophytes would not use water also from the vadose zone, in addition to transpiration directly from the ground water. Note that practically everywhere in Nebraska transpiration rates by phreatophytes using ground water alone can be larger than ET rates of the surrounding area. It may be important to point out here that the WREVAP-calculated ET value at a point represents the evapotranspiration of extended areas (Morton et al. 1985) several hundreds of square kilometers in size. This way the elevated ET values of the phreatophyte vegetation confined to relatively small areas are already incorporated in the WREVAP model's ET values ( Figure 6 ) in a spatially smoothed way. This ensures the correctness of the modeled runoff ratios (Figure 2 ). The ground water used by phreatophytes must be supplied by increased recharge rates if the ground water is to be kept in equilibrium ( Figure I ), which is the case for Nebraska with the exception of certain areas affected by human activity in the form of intensive irrigation systems or leaking irrigation canals (CSD 1998) . Accounting for these localized anthropogenic effects with a transient local water table is beyond the scope of this study. Nor will this study attempt to assess ground water use by irrigated crops in other areas where no ground water decline was reported. Estimating losses from the ground water through irrigation is complicated by the varying degrees of efficiency in irrigation techniques; by the source of the irrigation water, whether from surface or ground water; by crop type and cultivation characteristics (such as row and plant distance, etc.); by planting and harvesting times; and by the typically unknown amount of irrigation water that percolates back to the ground water or runs off to nearby streams. In equating recharge increases on top of base recharge to ground water ET (Figure l) , we assume that the phreatophyte water uptake does not entail induced recharge to the ground water from the streams. This assumption may not be true generally, but it works to our advantage, not only by simplifying our task of estimating long-term total recharge but also by supplementing for at least some of the increased but unknown recharge required to balance out ground water losses by large-scale irrigation. Note that due to the presence of induced recharge (although of unknown extent), one overestimates additional recharge on top of base recharge when taking it equal to the PET minus ET value of phreatophyte areas, since an unknown part of this difference is supplied by water from the stream and not by increased recharge rates of the region. At the same time, large-scale irrigation using water from the ground results in a net loss of ground water which must be balanced out by increased rates of recharge, if the region's ground water is to be kept in a long-term equilibrium. The two effects may cancel each other out, in terms of the recharge estimates; however, it may be hard to prove.
When augmenting base recharge (R,) to estimate total recharge (R), the following equation was used:
where P is mean annual precipitation, Q, is mean annual surface runoff, and cI and c2 are empirical positive constants to be optimized. Q, (Figure 7 ) can be obtained as total runoff minus base flow. (Note that surfaces of the climatic and hydrologic variables were generated by kriging [Szilagyi et al. 20031 .) The P-Q, term is the theoretical upper limit for recharge at any given location. Of course, recharge is always smaller than P-Q, because some water is stored in the vadose zone from which it may escape back to the atmosphere either as direct soil evaporation or via transpiration of the vegetation. The application of the righthand side of Equation 1 and the subsequent optimization of c2 ensures that the estimated total recharge rate will always be larger than the corresponding rate of base recharge. The optimization of cz was assisted by use of a digital recharge potential map (CSD 1996) that classifies land areas (using the DRASTIC method [Aller et al. 19871 ) into eight different categories by assigning integer numbers (a) from 0 to 7 (Figure S) , where the highest number designates the most favorable conditions for recharge. The categories are based on evaluating surface, vadose zone, and aquifer properties (Rundquist et al. 1991) . The value of c, was set equal to zero for n = 0 and 1, and, progressing from the most favorable category to the least one, each subsequent c, value was set to half of the preceding one. This way only one value had to be determined, i.e., the largest cz value for n = 7. Applying an exponential (and not, for example, a linear) distribution of the cz values among the categories may seem somewhat arbitrary. However, a classification serves its purpose if the chosen property, in our case estimated recharge, changes notably with the categories. A doubling (or equally halving) of any continuous quantity is a natural choice for a notable change between the categories. Note that some degree of arbitrariness is already inherent in the DRASTIC method used for the recharge potential map because of the way varying weights are assigned to aquifer, surface, and vadose zone properties (Rundquist et al. 1991) . Nonetheless, the optimization conserved mass, assuring that the long-term ground water volume used by phreatophytes equals the difference between long-term mean total recharge and base-recharge volumes when averaged over the state as it should if no sink (besides base flow) other than phreatophyte transpiration exists for the recharged water (Figure 1 ) . The difference between WREVAP-calculated phreatophyte transpiration using ground water and the term R-R, served as the objective function to be minimized in the absolute sense (i.e., the minimum is zero). The Sand Hills region is dotted with more than a thousand shallow lakes of varying size (Figure 9 ). The exact number is hard to tell because it changes within wet and dry years (Bleed and Flowerday 1989) . These lakes are typically ground water-fed (Bleed and Flowerday 1989) with virtually no surface water contribution, and thus they act like phreatophytes in terms of ground water consumption through their evaporation. Because of their relatively small average size and shallow depth, this evaporation can be estimated by the corresponding PET rates (Figure 4 ) in the region. To account for this extra ground water use, Equation l was applied a second time for the Sand Hills region, where it was further assumed that the extra loss of ground water is replenished entirely from within the region due to the high infiltration rates of the sandy soils there and the unique topography of the area, where the dunes supply their infiltrated water to the neighboring lakes and fans (Gosselin et al. 1999 ) that occupy many of the interdunal terrain (Figure 9) . Consequently, the repeated application of Equation 1 was constrained to the Sand Hills area only.
Results and Discussion
The total area of assumed phreatophyte cover ( Figure   5 ) is 1289 km2, which is 0.64% of the total land area of Nebraska. The mean annual ground water ET rate of these areas is 887 mm, which represents -6 mm if it were spread evenly over the state, accounting for -1% of the total ET (51 1 mm) of Nebraska. Note that this may seem negligible overall, but it can result in significantly increased values locally. An optimized value of cz = 0.11 for n = 7 ensures that this extra ground water sink is matched by increased recharge rates to the saturated zone. In addition to the phreatophytes, the LULC map gives a lake cover of 214 km2, which is -0.43% of the total area of the Sand Hills region. The Sand Hills lakes evaporate -1400 mm ground water per m2 annually, which amounts to an additional 1.5 mm of ground water use statewide. The application of Equation 1 results in an optimized value of cz = 0.052 for n = 7 in the Sand Hills, which ensures that lake evaporation from the ground water is balanced by increased recharge rates in the region. Figure 10 displays the distribution of additional recharge on top of base-recharge rates reported by Szilagyi et al. (2003) . By comparison of Figures 5 and 10 , it can be seen that a large part of the area with the highest rates of this additional recharge overlaps with the areas of phreatophyte cover. This is mainly so because in these latter areas the ground water is very close to the surface, i.e., < 2 m by definition, and so any infiltrating water has a better chance of reaching the saturated zone due to this shorter distance and the smaller total soil volume to be saturated to at least field capacity. Note also the increased recharge values within the Sand Hills region in north-central Nebraska, mostly because of the generally high infiltration rates of the sandy soils there, represented by high R values in Figure 8 . The Sand Hills region has long been regarded as the main recharge area of the large continuous unconfined aquifer (i.e., the Ogallala Formation) underneath the surface of much of Nebraska.
The mean annual total recharge rates are displayed in Figure 1 1. The river valleys generally have higher recharge rates than the surrounding areas for reasons previously mentioned. The largest recharge values (> 140 mm) can be found in eastern Nebraska, where annual precipitation is the highest (CSD 1998; Szilagyi et al. 2003) , along the Elkhorn, Platte, Missouri, and Big Nemaha Rivers ( Figure 5 ). This is in contrast with USGS (2003) , where base recharge estimates were greatest in the Sand Hills region, corresponding in magnitude to our total recharge estimates in the area. The pattern largely repeats itself in Figure 12 , where recharge is shown as a percentage of precipitation. Note that the Sand Hills region in the north-central part of the state again displays elevated recharge rates when compared to areas south, west, and even east of it. The steepest changes (from 6 to 18 mm) in recharge rates can also be found in this region along the Middle and North Loup, as well as along the Cedar River and Beaver Creek (west of the Loups) and also in the extreme western part of the region, where the majority of Sand Hills wetlands are found.
Comparing the total recharge maps of Figures 10 through 12 to maps of estimated long-term base recharge of Szilagyi et al. (2003) and USGS (2003) , a change in spatial detail is noticeable. This is because base flow contains information of recharge already integrated over the entire watershed (or more precisely over the drainage area belonging to the specific gauging station), while application of the DRASTIC maps involves recharge potential values based on, among other properties, land use/land cover categories.
Conclusions
Phreatophyte ET and lake evaporation in the Sand Hills from the ground water increased the estimated longterm mean recharge in Nebraska by -18% (48 versus 41 mm) when averaged over the state and by -41% over the Sand Hills region (Table 1) . This is the estimated difference i Figure 10 . The difference between estimated mean annual total and base recharge (mm) in Nebraska. It is believed that the approach presented here, combined with previous base-recharge estimations (Szilagyi et al. 2003; USGS 2003) , may help regional-scale ground water modelers by providing them with independently obtained mean recharge estimates typically required by their models. It may also help decision makers in the state or interstate panels as they develop future water resource management plans in the High Plains aquifer region. The described water-budget-based technique is novel in its combination of meteorological, hydrological, geological, and vegetation data; easily reproducible; relatively simple; computationally not intensive; and requires generally available GIS coverages. As for its limitations, the technique is most suitable for large areas where water exchange between the unconfined and confined aquifers is minimal and where net influx of water (whether positive or negative) to the area is also negligible. referees for their valuable comments on an earlier version of the manuscript.
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